Abstract: This paper presents the design and modeling of a double-stator linear switched reluctance motor for motorizing a railway channels' shunting system. The magnetic behavior of this actuator is nonlinear due to the saturation and nonlinear magnetization curves of the materials used in this actuator. For this reason, the electromagnetic quantities such as force, flux linkage, and inductance are calculated with the finite element method using the Maxwell tool. The obtained results are presented and discussed. In order to elaborate some control strategies, a new model for the proposed actuator, based on the flux and force characteristics, is validated by the simulation results using MATLAB/Simulink.
Introduction
Nowadays, the shunting systems of railway channels use a rotating motor coupled with a system for movement transformation (rotary to linear). This electromechanical system is able to stall, lock, and control the blades of rail track switches. However, the currently used entrainment system is very complicated and expensive.
To improve the performances and reduce the cost of the shunting system, a linear switched reluctance motor (LSRM) can be used in this industrial application. Moreover, the simple structure of the LSRM added to the robustness and high power densities have made it more attractive for many industrial applications during the last decade [1] . The LSRM's reliability is quite improved compared with the other electric motors used in positioning applications [2, 3] . Indeed, no magnet is installed in the LSRM structure and no copper winding is installed on the mobile part.
The LSRM develops a linear step movement with high precision, and this advantage allows it to become popular in linear industrial drives. Each electrical pulse results in a discrete incremental linear movement called a step [4] . The LSRM offers a solution for applications requiring high-position precision. Hence, LSRMs have been used in applications requiring precise motion control, such as propulsion systems for vertical elevator and electrical syringes.
In order to generate a high-propulsion force, the LSRM must be operated in the saturation zone. In saturation conditions, the principal magnetic characteristics, such as the flux linkage and the propulsion force, are highly nonlinear. Consequently, the analytical methods based on some hypotheses are not very accurate to compute the electromagnetic characteristics of these electrical machines [5, 6] . With the aim of overcoming the limitations of analytical methods, numerical methods, such as finite element analysis (FEA), are preferred in most cases for the design and modeling of electrical machines. Moreover, the finite element method (FEM) provides good agreement with the experimental results. This paper is organized as follows. The description of the shunting system used for the railway channels is presented in Section 2. Section 3 is on the analytical and FEM design of the new motorization for shunting railway channels. The flux and force characteristics calculated using the FEM are presented and discussed in Section 4. Section 5 is reserved for modeling of the double-stator LSRM using the results obtained with the FEM. In Section 6, based on electromagnetic curves, the MATLAB/Simulink model is built and simulation tests are carried out. Finally, Section 7 presents our conclusions and perspective.
Presentation of the shunting system
To guide a train in a direction between 2 tracks, a mechanical system is installed at each railway junction. This system is composed of 2 railway channels with an intermediate junction for switching the train's direction. Figure 1 shows that the intermediate junction is positioned so that the train is pointing to the right. In order to change the direction of the displacement so the train will be guided to the left track, a mechanism is provided to move the switcher from the 1st position to the 2nd one. This operation requires a lever to be moved, which is now operated by a controlled electric motor [6, 7] . Currently, an asynchronous motor coupled with a transformation system of movement is installed in the entrainment system for shunting the railway channels. This electromechanical system can stall, lock, and control the blades of the rail track switches. The currently used entrainment system for shunting railway channels is presented in Figure 2 . However, this system with a control and power supply is complicated and very expensive. Hence, to ameliorate the shunting system reliability, the proposed research work carried out in this paper consists of the design and analysis of a new motorization based on the use of a LSRM. Moreover, for moving the switch, a linear movement is necessary and sufficient [6] [7] [8] [9] . 
Design and FEA of the LSRM
For moving the intermediate junction, 2 conditions must be satisfied. First, a displacement of 20 cm is required and second, a linear force equal to 4 kN is necessary. Based on these 2 requirements, an analytical design combined with the FEM is carried out in order to determine the geometrical parameters of the proposed actuator. Figure 3 shows a 3-dimensional (3D) view of the proposed double-stator LSRM with 4 phases, where the excitation windings are located on the laminated structure of the stator. The mobile part (the translator) is placed in a position such that the left extreme phase is excited. If the left medium phase is excited, the translator movement will be towards the left. Otherwise, if the right extreme phase is excited, the mobile part movement will be towards the right [8] . The translator is the part coupled to the railway channels. The displacement of 20 cm segmented on 8 steps seems a good choice for positioning the intermediate rail. Hence, the step of the proposed actuator is given by: 
To assure the reversibility and the regularity of operation in step mode, 2 conditions must be satisfied. On one hand, the use of equal tooth widths on the mobile part and on the stator is indispensable. On the other hand, the slot width must be equal to the tooth width. Hence, for the proposed actuator, the tooth and slot widths are given by:
The tooth pitch λ is calculated using the following expression:
To guarantee a regular step, a nonmagnetic material must be inserted between the various stator modules. Moreover, the operation principle requires that only one stator phase can be aligned with the mobile teeth when it is supplied. In addition, if the teeth of the active modules are aligned with the teeth of the mobile part, the teeth of the other stator modules must be shifted in order to generate a tangential force to move the mobile part [6] . The nonmagnetic separation c 0 must verify the following expression:
Considering an allowable length for the LSRM, the nonmagnetic separation is fixed by:
The air gap is selected so as to guarantee a maximum force and taking into account the mechanical construction difficulties. The slot depth is selected so as to place the stator windings. The main dimensions of the actuator are shown in Figure 4 , which provides a view of an elementary portion of the LSRM. The mechanical and electrical parameters of the actuator obtained after the analytical design are summarized in Table 1 . The evaluation of the LSRM electromagnetic characteristics is based on a numerical field analysis by the FEM using Maxwell-2D. No complicated geometrical form is presented in the proposed actuator. Hence, a 2D FEA is considered to be sufficient and gives satisfactory results. The ferromagnetic material used in the FEM simulation is the steel that constitutes the material of the stator and the mobile construction. The nonlinear flux density and field strength (BH) curve of the used steel is given in Figure 5 . The phase excitation is given as 8000 AT as a magnetomotive force. In fact, each winding has 2000 turns and the excitation current is considered to be 4 A.
The computational domain is represented by a cross section of the machine and the actuator's regions are meshed, as shown in Figure 6 . Considering the great importance of the FEM results, the density of the mesh elements must be sufficient. However, a great number of elements increase the computation time. Hence, the mesh is a choice, taking into account the necessity of the accurate results and an acceptable computation time. Considering the magnetostatic field, the governing differential equation to be solved in the 2D FEM is: 
where A z is the vector potential, µ is the magnetic permeability, and J z is the current density. The force generated to move the translator in the direction of the displacement (x-axis) is given by [4] :
where W ′ is the total magnetic coenergy of the system, calculated as:
Hence, the FEM software computes the magnetic potential with the aim of computing the magnetic coenergy and the propulsive force. To verify certain previously defined requirements such as the distribution of the magnetic field on the actuator structure, the first step of the analysis is to plot the magnetic field distribution. When the active coil, A, is fed by a current of 4 A, the flux lines and the magnetic field distribution in the aligned, intermediate, and unaligned positions are presented, respectively, in Figures 7, 8 , and 9. The aligned position corresponds to the mobile teeth aligned with those of the stators'. In this position, the flux lines produced in the stator are canalized into the mobile part. Consequently, the magnetic flux density is maximum due to the neglected dispersion flux in these positions. The maximum flux density is approximately 2 T, as in Figure 7 .
When the mobile keeps an intermediate position, as in Figure 8 , the dispersion flux increases and the magnetic field distribution shows a reduction in the induction in both the mobile and the stator. However, a great flux density is noted on the overlapping regions due to the accumulation of the flux line distribution in those regions. Indeed, in this position, the inductance takes an intermediate value and the stator tends to move the mobile part to an equilibrium position. Hence, the force is roughly maximum in this position. Figure  9 shows the stator teeth unaligned with the mobile slots. In this position, the dispersion flux increases and the magnetic flux density decreases in both the mobile and the stator. Consequently, the inductance takes its minimum value in the unaligned position. 
Electromagnetic characteristics of the LSRM
To determine the performance of the proposed LSRM and to generate the magnetic characteristics, the procedure includes finding out the flux linkage and force characteristics versus the translator position and the applied current. Hence, for evaluating the magnetic behavior, the translator of the LSRM is moved from an unaligned position to an aligned position for different current excitations. The aligned position is defined when the teeth of the stator are opposite those of the moving part. In this position, the flux linkage is maximum. However, in the unaligned position, the flux linkage is minimum. Figure 10 shows the flux linkage curves of phase A for different current excitations. For the same applied phase current, the flux is maximum when the translator is kept in the aligned position. For each position, the flux linkage increases with the excitation current. The nonlinear effect of the saturation begins at around 4 A. From this excitation, the flux increases gradually as the current increases. The curves of inductance with the translator positions for different current values, shown in Figure  11 , also present an important conclusion about the magnetic behavior of the LSRM. The curve of inductance corresponding to the unaligned position is less due to the larger air gap in this position. At this position the phase inductance is at its minimum. In the aligned position, the phase inductance is at its maximum. The components of the force are Fx and Fy in the x and y axes, respectively. The propulsion force Fx is needed for moving the translator. The attraction force Fy is much smaller than the propulsion force and is neglected. Indeed, each stator generates an attraction force in opposite directions; hence, the total attraction force in the y axis is neglected.
The curves of the propulsion force Fx with respect to the translator position calculated with the FEM are presented in Figure 12 . The obtained results show that the propulsion force increases with the applied current. The forces at the aligned and unaligned positions are equal to 0. Moreover, these 2 positions correspond to the 2 equilibrium positions. The aligned position corresponds to the stable equilibrium position. However, the unaligned position corresponds to the unstable equilibrium position. The force curves confirm the nonlinearity of the force characteristics. Indeed, an asymmetrical force distribution is discovered along the mobile displacement. The distortion and the flatness of the force are noted for significant values of the current. On the intermediate position, the force is maximum, in order to allow the translator to move to the stable equilibrium position when the corresponding winding is excited. However, the maximum value of the produced force depends on the applied current. The nonlinearity of the force curves justifies the need for FEM analysis. Figure 13 shows the forces created by the 4 phases of the LSRM for the same applied current (4 A). The extreme phases develop a maximum force equal to 5145 N, whereas the maximum force produced by the central phases is 5060 N. This is due to the longitudinal end effect known in the linear electrical machines. The force value at the intersection of the curves is equal to 4300 N. This value corresponds to the start-up force. Hence, the proposed actuator is able to move a load force equal to 4000 N.
Modeling of the LSRM
The modeling of the LSRM is characterized by a high degree of difficulties because of the nonlinear electrical phase equation. In this paper, an advanced model is proposed; this model takes into account the nonlinearity of the electromagnetic characteristics with the magnetic saturation using the partial variation characteristics of the flux linkage presented in Figure 10 and the force characteristics presented in Figure 12 .
Considering the equivalent circuit for each phase, the applied voltage Uj to a phase j (j = A, B, C, or D) is equal to the sum of the variation of the flux linkage added to the resistive voltage drop. Consequently, the electrical equation for each phase is given in [7, 8, 10, 11] : 
The flux expression is dependent on the current excitation and the mobile part. Next, the expression of the flux variation can be written as:
Substituting the expression of the flux variation in Eq. (10) into Eq. (9), the equation of the applied voltage is expressed as:
Hence, the time variation of the current is expressed by:
Eq. (12) shows the necessity of the flux characteristics for each phase for different currents versus the translator position, in order to complete the modeling of the actuator. Having obtained the flux curve, the partial derivative of the flux with applied current and the partial derivative of the flux with the mover position are calculated using the powerful MATLAB tool using the principle of partial derivation function.
When the excitation of the stator phases is maintained, the motion dynamics of the movable part of the motor is expressed by the following equation:
Finally, using Eqs. (12) and (13), the double-stator LSRM model is described by the following nonlinear differential equations:
Simulation results and discussion
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[ C] The presented result shows that the excitation of phase A allows positioning of the translator on the first equilibrium position corresponding to 2.5 cm. For moving the translator to the next equilibrium stable position, it is necessary to shut off the current in phase A and establish it in the next phase. To move the mobile part from the first position to the end position (displacement equal to 10 cm), phases A, B, C, and D must be excited successively. First, only phase A is excited. Second, phase B is excited, whereas phase A must be de-excited. In the third step, the current is shut off in phase B and established in phase C. In the final step, phase C is de-excited and phase D is excited. However, the shunting system requires a displacement equal to 20 cm; hence, the cycle of excitation of the 4 phases must be repeated twice, and this makes it possible to move the blades through a distance of 20 cm.
Conclusions
In order to improve the reliability and the maintainability of the shunting system for railway channels, this research work proposes to replace the current motorization with a new double-stator LSRM. In this paper, the design of the LSRM, based on the FEA, is made, and verified by simulation tests using the Maxwell tool. Indeed, the analysis of the actuator by finite element is carried out in order to establish the magnetic characteristics. A model for the LSRM, based on the FEA is proposed and verified by simulation tests using the powerful MATLAB-Simulink. The obtained results with the FEM and MATLAB/Simulink confirm the better performance of the proposed LSRM. The main future work may involve a compact design in order to obtain a high propulsion force. In the next stage, we must develop a new position control system for the actuator with a load.
